We demonstrate a novel concept for operating graphene-based Hall sensors using an alternating current (AC) modulated gate voltage, which provides three important advantages compared to Hall sensors under static operation: 1) The sensor sensitivity can be doubled by utilizing both nand p-type conductance. 2) A static magnetic field can be read out at frequencies in the kHz range, where the 1/f noise is lower compared to the static case.
Introduction
Magnetic field sensors are widely used in several key industries such as consumer electronics, automotive, healthcare and robotics 1, 2 , where they provide position precision, speed detection, switching applications or current monitoring 3 . Hall effect sensors currently dominate the market in terms of these operations [4] [5] [6] [7] [8] and the key figures of merit for these sensors are their magnetic field resolution (B min ) and current (S i ) and voltage related (S v ) sensitivities 9 . Today's technology utilizes mainly silicon based Hall sensors because of the advanced silicon CMOS technology that enables reliable and cost efficient production 10 . However, applications of silicon based Hall sensors are limited by their relatively low sensitivity when compared to Hall sensors based on III/V semiconductors such as InAs and GaAs [11] [12] [13] , and by their mechanical stiffness. Graphene, because of its very high mobility µ and low charge carrier density n (S v ~ µ and S i ~ 1/n) as well as its mechanical flexibility, appears to be ideally suited as the sensing material in Hall effect sensors [14] [15] [16] [17] [18] [19] [20] [21] . Previously, graphene based Hall sensors were demonstrated, that outperformed silicon and other III/V semiconductors based rigid sensors 8, 9, 15, [22] [23] [24] . In addition, graphene-based
Hall sensors already significantly outperform all other technologies on flexible substrate 22 .
However, the sensitivity of flexible graphene Hall sensors is not yet comparable to rigid Hall sensors based on conventional semiconductors, at least if the graphene Hall sensors are fabricated with a scalable approach.
In this work, we introduce a novel concept for increasing the signal-to-noise ratio in graphene- The basic operation mechanism of such a top-gated Hall sensor is illustrated in Figure 1a . While the second and third advantage can be achieved by other methods, e.g. AC modulation of the supply voltage for the former or spinning current readout for the latter 25 , there exists no approach offering all three advantages. In the following, we describe the fabrication and detailed characterization of top-gated graphene Hall sensors on flexible substrate and demonstrate an increased signal-to-noise ratio. These Hall sensors do not only set a new benchmark for flexible
Hall-sensors, but are also on a par with the best III-V based rigid Hall sensors.
Results and Discussion
Schematics and the optical microscope image of the fabricated Hall sensors on polyamide (PI) substrate are shown in Figure 1b and Figure 1c . The transfer characteristic of one representative device is shown in Figure 1d for both sweeping directions from -4 V to 4 V and back. this measurement using equations 15 (1) and (2): Figure S3 ). In addition, the noise in the AC measurements is significantly lower compared to the DC case. However, we note that this noise reduction is mainly due to the sensor read-out using a lock-in amplifier for the AC case, which is not possible under static operation.
The noise power spectral density of the sensor is shown in Figure 4a , confirming that the major source of noise has a 1/f dependency for the measured frequency range up to 12 kHz. Hence, higher read-out frequencies lead to lower noise levels. The magnetic resolution B min represents another key parameter for Hall sensors in addition to the current and voltage related sensitivities.
It can be calculated using the noise spectral density and the sensitivity of the sensor using equation 15 (4):
The magnetic resolution is derived from P V (Figure 4b 
